Abstract. A possible role for adenylcyclase in insulin secretion was investigated. Isoproterenol, a predominantly /8-adrenergic agent, when mixed with an a-adrenergic blocking agent (phenoxybenzamine), stimulated insulin secretion from pieces of the rat's pancreas in vitro. Theophylline, caffeine, 3'5'-cyclic AMP, glucagon, adrenocorticotropin (ACTH), and thyrotropin (TSH), all of which are thought to act through the adenylcyclase systems in the liver and adipose tissue, also stimulated insulin secretion in vitro; oxytocin and vasopressin, which do not stimulate lipolysis in adipose tissue, were inactive. In all cases, stimulation of insulin secretion could not be detected when glucose was absent or present in only low concentrations (less than 100 mg/100 ml) and was maximal at high levels of glucose (300 mg/100 ml). When pancreatic tissue was obtained from normoglycemic rats and contained no detectable glycogen in the Islets, the stimulant effects of glucose and of theophylline were reduced or abolished by mannoheptulose and 2-deoxyglucose. When tissue was derived from rats infused for 8-10 hr with glucose and contained glycogen, theophylline, even in the absence of glucose, stimulated secretion and this effect was reduced by 2-deoxyglucose but not by mannoheptulose. It is suggested that the pl-cell contains an adenylcyclase system through which phosphorylase and possibly phosphofructokinase could be activated; and that insulin secretion could depend upon and be regulated by hormones and other substances which proceeds within the f-cell.
Introduction
In 1964, Coore and Randle reported inhibition by epinephrine of the stimulant effect of glucose on insulin output from the rabbit's pancreas (1) ; this observation has since been confirmed in experiments carried out in vivo (2) (3) (4) and in vitro (5) . More recently, we have suggested that the inhibitory effects of catecholamines are mediated Methods Rats. Male albino rats (250-350 g; Holtzman, Wis.) were fed on a standard diet (Lab Chow, Ralston Purina Co., St. Louis, Mo.) until killed by decapitation. Into 11 rats, a hypertonic solution of glucose (50%, w/v; injection dextrose, Eli Lilly & Co., Indianapolis, Ind.) was administered intravenously at a constant rate (4.76 ± 0.08 g of glucose/kg of body weight per hr) for 8-10 hr before death. During this period, the animals were fully conscious, had free access to water, and showed marked glycosuria (urinary output = 1.45 ± 0.11 g of glucose/kg of body weight per hr). At death they had very high concentrations of plasma sugar (1.3 0.2 g/100 ml).
Experimental procedure. After decapitation of the rat, the pancreas was removed, placed in a buffer cooled with ice, and dissected free of lymph nodes and adipose tissble. Small pieces of pancreatic tissue (about 10 mg each) were placed in groups of four into flasks containing 2.0 ml of the incubation medium. All flasks were equilibrated against a mixture of oxygen (95%) and carbon dioxide (5%o) and then incubated for 60 min at 360C. After incubation, the pieces of tissue were quickly removed from the flasks and weighed. In addition to flasks containing the incubated tissues, control flasks were incubated in the absence of tissue and contained duplicate samples of each of the media studied in that individual experiment.
Incubation media. Pieces of pancreatic tissue were incubated in a bicarbonate-buffered medium (6) containing glucose (0, 50, 100, 150, or 300 mg/100 ml), bovine serum albumin (0.5%o, w/v; bovine albumin, Fraction V, Sigma Chemical Co., St. Louis, Mo.), and guinea pig antiinsulin serum (GPAIS, Lot 270) obtained by a method described elsewhere (9) . Sufficient GPAIS was added to the medium to bind about twice the expected amount of secreted hormone; the reason for the selection of this concentration is discussed elsewhere (10) . Also added to the media, as required, were isoproterenol (0. (11) . It contained no glucose but reducing substances equivalent to glucose in a concentration of 0.74.8 g/ml, and was added to the medium in a final concentration of 0.5% (v/v). Kallikrein inhibitor was added to all media containing polypeptidic hormones in order to protect these hormones from the action of lytic substances released into the medium by the acinar tissue (12) . Preliminary experiments had shown that kallikrein inhibitor markedly reduces the rate of destruction of insulin by incubated pancreatic tissue (Fig. 1) ; this protective effect was also observed with other hormones (see Results). When high concentrations of glucose or other drugs were present, isoosmolarity was maintained by reducing the concentration of sodium chloride. When nicotinic acid was added in high concentration (20.0 mmoles/liter), normal pH (7.4) was restored by addition of sodium bicarbonate. Finally, commercial preparations of oxytocin and lysine-8-vasopressine containing chlorobutanol were not used since this preservative causes marked inhibition of insulin secretion even in a concentration of 025 mg/ml. Measurement of insulin secretion. Secreted insulin was equated with the fall in insulin antibody content of the medium during incubation. Full details of the method for assay of the insulin-antibody are described elsewhere (13) . Insulin secretion rates are expressed as microunits of insulin secreted per milligram of incubated tissue per 60 min. In one or more experiments, insulin secretion was measured in equal numbers of flasks (n) containing glucose alone, and glucose with the added drug. Mean differences (df = 2n-2) in secretion rates found under these conditions are here quoted together with the mean absolute rates of secretion (± SEM) obtained in all experiments where only glucose was present in the medium.
None of the drugs listed above, including glucagon, reacted to any detectable degree with the antibody in GPAIS. Thyrotropin (0.5 IU/ml) prevented the absorption by cellulose of a small fraction (4-5%) of the "3I-labeled insulin used in the assay procedure. However, unlabeled insulin (2.0 mU/ml) preincubated (360C, 30 min) with thyrotropin (0.5 IU/ml) retained its full ability to neutralize GPAIS (unpublished observations). This fact was taken into account when secretion rates were calculated under this experimental condition. (27) +47.5± 15.7t (9) (i) Mean insulin secretion (,AU/mg per 60 minASEM) by tissue incubated in media containing glucose alone; number of observations shown in parentheses.
(ii) Effects of drugs (concentrations shown in parentheses) are shown as mean changes (+ or -) in insulin secretion rates (,AU/mg per 60 min±SEM) with their stastistical significance (*P <0.005; $P <0.02; §P <0.05); the number of observations is in parentheses.
Results
Effects of isoproterenol, 3'5'-cyclic AMP, and methylianthines. As shown in Table I (line 1) , little insulin was secreted at glucose concentrations of less than 100 mg/100 ml (10-12 tLU/mg per 60 min) but the rate of secretion rose as the concentration of glucose was increased to 300 mg/100 ml (59 .uU/mg per 60 min). It was previously shown (5) that this stimulant effect of glucose is inhibited by adrenergic agents such as epinephrine and norepinephrine which are potent activators of the a-receptor (14) . Insulin secretion induced by glucose (150 mg/100 ml) was also reduced by isoproterenol ( (14) and when its a-adrenergic action was blocked by an a-adrenergic blocking drug, phenoxybenzamine, the insulin secretion induced by glucose was slightly increased from 26.8 to 34.6 ,uU/mg per 60 min (net stimulant effect + 7.8 ,uU/mg per 60 min; Table  I , line 3). This slight stimulant effect was not produced by phenoxybenzamine itself (Table I , line 4). It was therefore concluded that activation of the ,8-adrenergic receptor by isoproterenol could be responsible for the stimulant effect observed when both isoproterenol and phenoxybenzamine were present in the medium. As the glucose content of the medium was raised (Table I , line 3), the stimulant effect of this combination of drugs increased to become most apparent at a glucose concentration of 300 mg/100 ml (+ 14.4 ,uU/ mg per 60 min).
Comparable effects were obtained when cyclic AMP was added to the medium (Table I , lines 5 and 6). Probably due to the low permeability of cellular membranes to this substance (8), low concentrations (0.1 mmole/liter) of cyclic AMP had no effect upon insulin secretion (Table I, line 5); but at high concentrations (7.6 mmoles/liter) it increased insulin secretion in proportion to the glucose content of the medium. In the absence of glucose, cyclic AMP at the higher concentration had no detectable effect, its optimal action being found when glucose was present in a concentration of 300 mg/100 ml (Table I, line 6). More pronounced effects were obtained with theophylline (Table I, lines 7 and 8) , and again no stimulation was observed when glucose was either absent or present in only low concentrations (less than 100 mg/100 ml). As shown in Table I (line 8) , insulin secretion at the three higher glucose concentrations (100, 150, and 300 mg/100 ml) was at least doubled by addition of theophylline to the medium, the maximum absolute rate obtained at the highest glucose concentration (about 2.0 juU/ mg per min) being greater than that (1.4 RU/mg per min) observed previously (6) when pancreatic tissue was maximally stimulated by glucose alone in concentrations of 500-750 mg/100 ml. Almost identical stimulant effects were obtained at the higher concentrations of glucose when caffeine was added to the medium (Table I , line 9) in approximately the same concentration (1.3 mmoles/liter).
As shown in Table I (line 10), when cyclic AMP and theophylline were added to a medium containing glucose in a concentration of 100 mg/ 100 ml, the stimulant effect of this combination (+ 37.2 ± 4.6 1uU/mg per 60 min) was significantly greater (P < 0.005) than the sum of the stimulant effects of the two drugs incubated separately (19.8 ± 3.4 pU/mg per 60 min). This potentiating effect was not observed at a higher glucose concentration (150 mg/100 ml).
The stimulant effect of theophylline was not affected by simultaneous addition of nicotinic acid, even in high concentrations (20.0 mmoles/liter) and nicotinic acid itself had no effect upon the action of glucose (Table I, lines [11] [12] [13] [14] . In the presence of propanolol, a f3-adrenergic blocking agent, theophylline still increased, though less markedly, the rate of insulin secretion (Table I,  line 15) ; again, propanolol did not modify the stimulant effect of glucose alone (Table I, line 16) .
Effect of glucagon. Kallikrein inhibitor inhibits the breakdown of insulin added to incubation media containing pancreatic tissue but no GPAIS (Fig.  1) . When added to media containing GPAIS, it had no significant effect upon the action of glucose on insulin secretion (Table IIA, lines 1 and  3) . These observations suggest, as indicated previously (6) , that insulin secreted from the Islets is rapidly bound by the antibodies, before lysis of the hormone can occur. In the absence of kallikrein inhibitor, glucagon failed to increase insulin output (Table IIA, line 2), whereas in its presence a marked increase in secretion was provoked (Table IIA, (ii) Effects upon basal secretion rates produced by added drugs and quoted as mean changes (+ or -) in rate of secretion (pU/mg per 60 min-sEM) with their statistical 'significances (*P <0.005; tP <0.02); the number of observations is in parentheses.
line 4). Thus kallikrein inhibitor
(iii) Concentration of added drugs, with the exception of glucagon (G,5 jug/ml) and kallikrein inhibitor (K, 625 KIU/ml), are shown in parentheses (mmoles/liter). seems to protect not only insulin but also other polypeptidic hormones such as glucagon, from the lytic factor released by the acinar tissue (12) . In view of these findings, all further experiments involving polypeptidic hormones were carried out in the presence of kallikrein inhibitor which was added both to the media containing hormone and to the control media containing glucose alone.
Increased secretion induced by glucagon (5 ug/ ml) was not observed at glucose concentrations ranging from 0 to 100 mg/100 ml. It only became apparent at a glucose concentration of 150 mg/100 ml and was further enhanced by raising it to 300 mg/100 ml ( (ii) Effects of hormones (concentrations shown in parentheses) are shown as mean changes in insulin secretion rates (ALU/mg per 60 min±SEM) with their statistical significances (*P <0.005); the number of observations is in parentheses.
(iii) Kallikrein inhibitor (625 KIU/ml) was present in all media.
by propanolol of theophylline-induced secretion ( Table III , lines 2 and 3), but were ineffective at lower glucose concentrations (100 and 150 mg/100 ml). Oxytocin and pitressin had no significant effect at any glucose concentration (Table III, lines 4 
and 5).
Interrelationship between theophylline and glucose metabolism. The lack of stimulant effect produced by these various hormonal and pharmacological agents in the absence of glucose was not due to any lack of tissue viability. Thus, after pieces of pancreas had been incubated for 60 min in the absence of glucose, they secreted as much insulin (34.9 4.2 jFdU/mg per 60 min; n = 9) during a second period of incubation of 60 min in the presence of glucose (200 mg/100 ml) as control tissue incubated with glucose for the first 60 min (35.6 2.8 ,uU/mg per 60 min).
Insulin secretion by pancreatic tissue incubated in the absence of glucose was observed when the tissue was obtained from rats perfused with glucose for 8-10 hr before death (see Methods). At death, these animals were markedly hyperglycemic (mean plasma-sugar concentration = 1300 mg/ 100 ml) and fine particles of glycogen were histologically demonstrable in their Islets (Best's Carmin). When pancreatic tissue from these animals was incubated in the absence of glucose, both glucagon and theophylline were able to stimulate insulin secretion (Table IV, lines 1 and 2) . These stimulant effects were not due to contamination of the incubation medium with glucose, for at the end of the incubation none (less than 5 mg/100 ml) could be detected; and the same phenomenon was observed with tissue dissected and washed in glucose-free buffer for about 10 min before incubation (Table IV , line 2). No such effect was observed when tissue from normoglycemic rats was preincubated for 30 min at 360C in a medium containing glucose in high concentration (300 mg/100 ml) and then incubated with theophylline in the absence of glucose (Table IV, line 3 ). These results suggested that theophylline can only exert its effect when there is either an extra-or intracellular source of glucose.
This hypothesis was confirmed by incubating tissue from normoglycemic and hyperglycemic rats with mannoheptulose and 2-deoxyglucose (Figs.  2 and 3) . Insulin secretion by tissue from the normoglycemic rat is completely inhibited by mannoheptulose when glucose (150 mg/100 ml) is present in the medium either alone or with theophylline (Fig. 2) . When glucose and 2-deoxyglucose are present in equal low concentrations (150 mg/100 ml), the stimulant effects of glucose and theophylline are reduced (P < 0.05). If the glucose concentration is raised to 300 mg/100 ml, all stimulation of insulin secretion can be abolished by addition of a high concentration of 2-deoxyglucose (1330 mg/100 ml). These results, summarized in Fig. 2 , differ from those obtained with tissue from the hyperglycemic rats and illustrated in Fig. 3 . In this case and in the complete absence of glucose from the incubation medium, secretion induced by theophylline was markedly inhibited (P < 0.005) by a moderate concentration of 2-deoxyglucose (300 mg/100 ml) but was unaffected by mannoheptulose.
Discussion
The present experiments show that isoproterenol, a predominantly 18-adrenergic agent, slightly stimulates insulin secretion in the presence of an a-adrenergic blocking agent. A comparable stimulant effect was obtained with 3'5'-cyclic AMP and this effect was mimicked by theophylline which, like caffeine, is known to inhibit phosphodiesterase and the destruction of 3'5'-cyclic AMP (15) . No inhibition of the effect of theophylline could be induced here with nicotinic acid, but it should be pointed out that the activation of the phosphodiesterase by nicotinic acid is not firmly established (16) and that the concentrations used here might have been optimal to detect a competitive antagonism between theophylline and nicotinic acid. These observations indicate, as suggested recently (5, 17, 18) , that the /3-cells may be equipped with an adenylcyclase system comparable to those existing in liver and adipose tissue and that activation of this system results in insulin secretion. In none of these experiments summarized in Table I was a stimulant effect obtained in the absence of glucose, the effect being most apparent when glucose was present in concentrations above about 100 mg/ 100 ml.
A similar close relationship between stimulation of insulin secretion and the concentration of glucose in the incubation medium was found with glucagon, corticotropin, and thyrotropin, all of which are known to activate adenylcyclase in the liver (19) or in adipose tissue (8) . The stimulant effect of glucagon has been demonstrated both in vivo (4, 20, 21) and in vitro (22) (23) (24) but, if anything, it is weaker than that of theophylline as it only becomes apparent at concentrations of glucose above 150 mg/100 ml (Table II) . The effects OI corticotropin and of thyrotropin are even less pronouced as they were only obtained with high concentrations of glucose (Table III ; 300 mg/100 ml). Oxytocin and pitressin, which neither activate adenylcyclase nor promote lipolysis in adipose tissue of the rat (25) , were ineffective (Table III) even at the highest concentration of glucose. Though the observed effects of these hormones are similar to that of the ,8-adrenergic agent used here (isoproterenol), that of glucagon, for example, was not abolished by /3-blocking agents (Table II; propanolol and nethalide) known to suppress the stimulant effect of isoproterenol (5) . This suggests that the stimulant effect of these hormones is due to a direct activation of adenylcyclase and does not involve any ,f-adrenergic receptor site; their action in the ft-cell is thus comparable with that observed in adipose tissue (26) . The present observations are largely in agreement with preliminary data, published elsewhere. Thus, Porte (17) found a small increase in the level of circulating insulin in human subjects infused with isoproterenol. In addition to the numerous reports of the stimulant effect of glucagon in vivo (4, 20, 21) and in vitro (22) (23) (24) , Sussman, Vaughn, and Timmer (18) have shown that 3'5'-cyclic AMP and corticotropin stimulate insulin secretion in the perfused rat's pancreas. On the other hand, Balasse and coworkers (27, 28) obtained no increase in the level of circulating insulin in dogs perfused with lysine-8-vasopressin and only a transient initial rise in dogs perfused with oxytocin. The results obtained here cannot be compared in any quantitative manner with the results of experiments carried out in vivo but should be considered in the light of reports of those carried out in vitro. Grodsky and Bennett (22) , for example, stimulated insulin release in the perfused rat's pancreas by injecting a "pulse" of perfusion medium containing glucagon but no glucose; increased secretion was observed within 30 sec. In the complete absence of glucose and with nothing in the medium to counteract the effects of lytic substances released from incubated pieces of the rat's pancreas, Devrim and Recant (23) were also able to stimulate insulin secretion with glucagon. Even in the presence of glucose (60 and 300 mg/100 ml), Coore and Randle (1) failed to stimulate insulin secretion with glucagon in pieces of the rabbit's pancreas. By a similar method Turner and McIntyre (24) succeeded and suggested that the rabbit's Islets are more sensitive to glucagon when the incubation medium contains high (300 mg/100 ml) rather than low (60 mg/ 100 ml) concentrations of glucose. Whatever the reasons for these discrepancies, the present results consistently and clearly show that stimulation of insulin secretion by glucagon, corticotropin, thyrotropin, caffeine, theophylline, and 3'5'-cyclic AMP is closely related to and dependent upon the metabolism of glucose. In the cases of the protein hormones, too much attention to their quantitative effects is not warranted since the kallikrein inhibitor (Trasylol) used to prevent their destruction was probably only partly effective; it reduced but it did not abolish destruction of insulin in the absence of anti-insulin serum (Fig. 1) . The effects produced by the polypeptide hormones used here could well be less than those which should be attributed to the concentrations of the hormones added to the media.
A possible relationship between the stimulant effects of these substances and the metabolism of glucose is suggested by comparison of the results obtained with pancreatic tissue from normoglycemic and hyperglycemic rats. The only source of glucose available to the pancreatic tissue of the normoglycemic rat is the incubation medium for, as Lazarow has shown (29) , theft-cells of the normal rat's pancreas contain no detectable glycogen. In this tissue, mannoheptulose, which inhibits phosphorylation of glucose (30) , abolishes the stimulant effects of both glucose and theophylline upon insulin secretion (Fig. 2) . A similar inhibitory effect is produced by addition to the medium of 2-deoxyglucose which competitively inhibits the isomerization of glucose-6-phosphate to fructose-6-phosphate (31) . To induce stimulation of insulin secretion with theophylline, therefore, glucose must not only be phosphorylated but must also be metabolized to fructose-6-phosphate and beyond. An alternative source of glucose-6-phosphate was obtained when rats were killed after infusion with glucose for 8-10 hr. Under these conditions, glycogen was seen to accumulate in the ft-cells; it was demonstrated histologically but was not estimated chemically. Pieces of pancreas obtained from these animals, even in the absence of glucose from the medium, secreted more insulin in the presence of theophylline and glucagon than in their absence (Table IV) . The stimulant effect of theophylline was also reduced by addition to the medium of 2-deoxyglucose but was unaffected by mannoheptulose (Fig. 3) .
These results are compatible with the following working hypotheses. First, and as others have suggested previously (1, 6) , insulin secretion normally occurs at a rate which may be governed by the rate at which glucose-6-phosphate is metabolized through the glycolytic pathway. The factors which control onset of secretion at low glucose concentrations and the maximum rate achieved at high concentrations remain to be determined. Secondly, those substances which stimulate formation of 3'5'-cyclic AMP -(glucagon, corticotropin, and thyrotropin) or inhibit its breakdown (theophylline, caffeine, etc.) in the liver or adipose tissue, might well have a similar action in the pancreatic ft-cell. One way in which they could stimulate insulin secretion would be by inducing activation of phosphorylase and so increasing glycogenolysis and the size of the pool of intracellular glucose-6-phosphate (Fig. 4) . This would explain the effect of theophylline upon secretion by tissue obtained from the hyperglycemic rats, its inhibition by 2-deoxyglucose, and the lack of effect of mannoheptulose. If glycogen is formed at an appreciable rate during incubation of normal pancreatic tissue in media containing high concentrations of glucose, this unitary hypothesis could also explain why theophylline augments the maximum effect which can be induced by glucose alone and why its action can be completely inhibited by 2-deoxyglucose. It is also possible, however, that 3'5'-cyclic AMP and related stimulants could accelerate rate-limiting reactions in the glycolytic pathway or in the tricarboxylic acid cycle; the phosphorylation of fructose-6-phosphate is a possible site (32) . With the advent of simpler methods for the isolation of individual Islets (12, 33) , these possibilities should now become amenable to investigation. In the meantime, the present results strongly suggest that, if not essential for the stimulation of insulin secretion, those hormones or drugs which influence the adenylcyclase system can augment the action of glucose, the physiological stimulant for insulin secretion.
